Charge Transfer Photochemistry, Bis(8-quinolinolato)Cu(II), Bis(8-quinolinethiolato)Cu(II)
Introduction
Much attention in the field of analytical chem istry [1 , 2 ] has been devoted to the study of 8 -hydroxyquinoline (ox) and 8 -mercaptoquinoline (tox) and their respective complexes with a wide variety of cations as well as to their extensive ap plication as fungicides, pesticides, medicines, cata lysts, inhibitors, antioxidants and photostabilizers [3] [4] [5] .
Several publications have dealt with the struc tural features of a wide variety of their complexes, involving bidentate coordination by O and N, resp., S and N donor atoms of the ligands [6 -8 ] . However, only recently has appeared the first paper on the photochemical behaviour of Cu(ox) 2 in ethanol [9] in connection with its agricultural use at different conditions of sunshine.
In the present paper we report the photochem ical data obtained for bis(8 -quinolinolato)Cu(II), C u(ox)2, and bis(8 -quinolinethiolato)Cu(II), Cu(tox) 2 in aprotic solvents as a part of our study on the C T photochemistry of C u (II) chelate com plexes with C u 0 2 N 2 and CuS2 N 2 chromophores.
Experimental

Starting materials
The ligands and the p.a. grade metal salts were commercially obtained from Fluka and used with out further purification. The solvents were used after distillation.
Preparation o f the coordination compounds
CH CI3 and toluene solutions of the complexes bis(8 -quinolinolato)Cu(II) (I ) and bis(8 -quinolinethiolato)C u(II) (I I ) were prepared by a standard extraction procedure [1 0 ] from weakly acidic solu tions of CuCl2, Cu(C104 ) 2 or C u (N 0 3 ) 2 with the organic solvent. The extraction has been carried out at the molar ratio of ligand/Cu(II) 1 in order to prevent the appearance of free ligand in the organic solution. It took 3 to 4 min of vigorous shaking of the extraction system containing the water solution of the appropriate copper salt and the organic solution of the ligand. A fter sepa ration, the organic phase has been washed with several portions of bidistilled water and dried over anhydrous Na2 S 0 4.
Instrumentation
The electronic absorption spectra were taken with a SPEC O RD UV-Vis spectrophotometer (Carl Zeiss, Jena) using quartz cells to record in Reprint requests to Prof. Dr. B. G. Jeliazkova. the 300-750 nm region. The EPR spectra were run on an X-band B R U K E R ER 200D-SRC spec trometer using 100 kHz modulation of the mag netic field.
Irradiation and quantum yields
The light source was a 500 W super high pres sure mercury lamp with 254 and 313 nm solution filters [ 1 1 ] for the irradiation at selected wave lengths as well as a laser source at 308 nm. Visible light irradiation was performed by using a glass filter to cut the U V mercury lines. Absorbed light intensities were determined by ferrioxalate actinometry [12] . For quantum yield determination the complex concentrations were such as to have essentially complete light absorption. The total amount of photolysis was limited to less than 5% to avoid light absorption by the photoproduct. Sample solutions for long-term photolysis in quartz cells were deaerated by solvent-saturated nitrogen (N 2) gas. The samples were housed in the thermostated block at room temperature under the same geometrical restraints as the actinometric solutions. The absorption values at the U V and visible band maxima were used to determine the concentration change of the initial complex during the photolysis. The quantum yield at wavelengths less than 308 nm was not measured in toluene be cause of the complication of U V light absorption by the solvent up to 295 nm. Each calculation of the quantum yield was based on two actinometric determinations performed before and after a pho tochemical run. The accuracy o f the quantum yield measurements was found to be within 20-25%.
Photolysis reactions were monitored by re cording the optical and EPR spectra directly in the photolysis cell or by removing aliquots period ically to record UV-Vis absorption. For E P R measurements 5.10-3 M CHC13 solutions were de aerated by repeated freeze-pump-thaw cycles and then irradiated with the full spectrum of the mer cury lamp directly in the spectrometer cavity.
Results and Discussion
Ultraviolet-visible spectra o f Cu(tox) 2 and Cu(ox) 2 in CHC13 solutions show a characteristic ligand to metal charge transfer (L M C T ) absorp tion at 275 nm (e = 29,000 dm3 m ol-1 cm-1) and 265 nm (e = 77,500 dm3 m ol-1 cm-1), respectively, and a visible intraligand n -jt* absorption at 434 nm (e = 7530 dm3 m ol-1 cm-1) and 412 nm (e = 5970 dm3 mol-1 cm-1), respectively [9, 13] . The E PR parameters o f C u(tox)2: g0 = 2.075 ± 0.003, a(6 3 Cu) = 67 ± 2G, a (14N ) = 14.1 ± 0.5 G (Fig. l a ) and Cu(ox)2: gQ = 2.104 ± 0.003, a(6 3 Cu) = 85 ± 2G, a (14N ) = 11.5 ± 0.5G (Fig. l b ) agree well with those previously reported [14] .
Solutions of Cu(tox) 2 and Cu(ox) 2 in CHC13 and toluene could be kept for several days in the dark with slightly increasing intensities of their UV-Vis and E PR spectra. The complexes undergo photo reduction in CHCI3 when irradiated with U V light both under N 2 and in air. In general, the irradia tion produced a colour change in solution, accom panied by the formation o f a fine green precipi tate. Because o f the thermal component, the photochemical reactions were always compared to a dark reaction as a control.
Photoreduction o f C u (to x )2
The intensity of the E PR spectrum of a 5.10-3 M Cu(tox) 2 solution in CHC13 was gradu ally decreasing upon U V irradiation following the reduction o f C u (II) to C u(I) (Fig. 2 a) after a slight increase in intensity upon the initial short irradia tions of 1 -2 min. When 7.10-5 M CHC13 solutions of this complex were photolyzed with U V light at 20 °C, the bands at 275 and 434 nm were noted to increase slightly upon the initial short irradiations ( 1 -2 min) and then to decrease in intensity with corresponding increases in absorption at 325 nm attributed to the absorption of the stable disulphide (ds) of the ligand [13] . This conclusion was substantiated by comparison with the spectral properties of authentic ds.
Reaction was quite clean with isosbestic points at 288, 385 and 570 nm (Fig. 3) holding for at least 75% o f the reaction and indicating that secondary photolysis was minor over this time frame. Both the changes in the electronic and E PR spectra were fully consistent with the photolysis products being C u (I) and ds.
Longer irradiation (more than 15 min) in CHC13 led to complete destruction of Cu(tox)2. The spec trum of the final solution showed only the ex pected U V absorption of the disulphide at 325 nm together with a fine green precipitate, discussed in a previous paper [15] .
To check whether the photoreduction of Cu(tox) 2 proceeded reversibly in the dark the CHCI3 solution was kept for 24 h after irradiation and the absorption spectra were measured again after that. The obtained spectra clearly showed that the photoreduction was partly reversible due to the back dark reaction [13] :
2 Cu!(tox) + ds = 2 Cun(tox) 2 ( 1 )
The primary quantum yields for the reaction were determined spectrophotometrically by fol lowing the decreasing absorbance at 434 nm. For solutions in 20 °C CH CI3 the quantum yield for 254 nm was determined to be 0.015 ± 0.003 mol/ einstein. The quantum yield proved to be sensitive to 2. In CHCI3 photolysis with 308 nm light irra diation gave about 0 . 0 1 0 ± 0 . 0 0 2 mol/einstein, but with 313 nm light gave immeasurably small values of 0. A photoredox process was also seen with visible light irradiation but (p was much smaller (0.0009 ± 0.00003 mol/einstein) than in UV.
The photoreduction of Cu(tox) 2 did not run so smoothly in toluene as in CHC13 regardless of the increased light intensity and the prolonged irradia tion. The quantum yield at 308 nm was determined to be 0.001 ± 0.0002 mol/einstein. Photolysis ( A j r r = visible light) o f Cu(tox) 2 in toluene under either N 2 or in air had little effect on the electronic spectra. In each case the spectra showed progres sive decreasing of the absorption band intensities after more than 1 h of irradiation with visible light.
Photoreduction o f C u (o x )2
The UV-Vis absorption o f Cu(ox) 2 in CHC13 (Fig. 4) and its E PR intensities (Fig. 2 b) slightly increased following the initial short irradiations of the starting solution, then gradually decreased as seen from the data in both Figures. A ll UV-Vis absorption bands fade upon longer irradiation to give a nearly colorless solution. Well pronounced isosbestic points were not observed in the absorp tion spectra in Fig. 4 indicating some side reac tions. But these side reactions were not important in the quantum yield determination, for the disap- pearance of the starting complex was taken at the initial 5% o f photolysis. The same photoreactions were also followed by recording the solution E PR spectra during the course o f the reaction. The obtained spectra demonstrated that the E P R intensity o f the Cu(ox) 2 signal slightly increased upon the initial (10-15 min) U V irradiations (Fig. 2b) and then gradually decreased following the reduction of C u (II) to Cu(I).
The primary quantum yield for the reaction was spectrophotometrically determined by following the decreasing absorbance at 412 nm, and it proved to be markedly 2 -dependent with values of 0.05 ± 0.005; 0.003 ± 0.0005 and 0.0002 ± 0.00005 mol/einstein at 254, 308 nm and visible light, respectively, in 20 °C CHC13. The quantum yield at 308 nm in toluene was found to be 1.10~4 mol/einstein.
When samples of Cu(ox) 2 in toluene were irra diated with visible light no net photoreactions were observed under either N 2 or in air. Even when solutions were irradiated for very long periods no measurable changes in the UV-Vis or E PR spectra were detectable. Hence it was con cluded that photoredox reaction was at most a very low yield process.
Mechanism
Scheme 1 provides a possible explanation o f the experimental results that we observe with Cu(tox)2.
The Cu(tox) 2 (1) absorbs a photon in the ligandto-metal charge-transfer band, which breaks the C u -S bond and reduces the metal from C u (II) to C u(I) to form (2) in a homolytic dissociation. The tox ligand remains attached to the metal through a two-electron coordinate covalent bond. The unimolar decay of ( 2 ) by cleaving the remaining C u -N bond yields the free tox-radical (3) of the ligand and the complex Cu^tox) (4). The stable 8 ,8 '-diquinolyl disulphide is readily obtained by simple free radical recombination.
As indicated by the spectral changes, the pho tolysis of Cu(tox) 2 takes place without any side reaction with the photoproduct Cu^tox) being partially reconverted into the initial complex by the thermal back reaction ( 1 ) which is the reason for its lower quantum yield in comparison to Cu(ox) 2 at the resonance line of 254 nm. Besides the process of photodecomposition the initial short irradiation with light caused a slight increase of the 275 and 434 nm absorption band intensities (Fig. 3) which was better observed upon visible light irradiation as well as on keeping solu tions in the dark. A probable explanation could be found if we consider the possibility for light-induced dissociation to monomers o f the Cu(tox) 2 dimeric molecules, which appear to be the extractable species of the complex [16] due to their higher hydrophobicity compared with the mono meric forms.
Our experimental results on the photoinduced decomposition of Cu(ox) 2 are in accordance with the previously reported scheme [9] for the irra diation in ethanol in which the primary photo chemical act is an intramolecular electron transfer from an equatorially bonded O atom of the ligand to C u (II) to yield Cu'(ox) and a free ox-radi cal from the ligand. However, opposite to ethanol, the aprotic CHC13 solvent could not release an H atom to provide Hox regeneration from ox-. Photoreactions of long-term photolysis o f CHC13 solutions of Cu(ox) 2 led eventually to secondary photolysis as evidenced by the data o f Fig. 4 . The behaviour of Cu(ox) 2 upon short light irradiation was similar to that of Cu(tox) 2 and even more pro nounced concerning the light-induced dissociation of dimeric Cu(ox) 2 molecules which occurred simultaneously with the photoredox process.
Conclusion
It has been demonstrated that photoirradiation of bis(8 -quinolinolato)Cu(II) and bis(8 -quinolinethioIato)Cu(II) in CHC13 and toluene leads to re duction o f the metal to Cu(I). Direct light absorp tion by L M C T bands is necessary to initiate photoreduction. It is suggested that the reactive excited state is of ligand-to-metal charge-transfer type. The different photoreduction pathways of Cu(tox) 2 and Cu(ox) 2 can be related to the differ ent redox properties of the ligands. The photo reduction of Cu(ox) 2 needs a longer irradiation time than photoreduction of Cu(tox)2. The reverse process in the dark has also been demonstrated for Cu(tox) 2 as the reason for its lower quantum yield in comparison to Cu(ox) 2 at the resonance line o f 254 nm.
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